Interferometric Synthetic Aperture Radar (InSAR) data from TanDEM-X were used to estimate above ground biomass (AGB) and tree height with linear regression models.
Introduction
Remote sensing is widely used for surveillance of forests on many scales. At a local and regional level, forest companies have invested significant resources in inventories to plan timber production in terms of pre-commercial thinning, thinning, final harvesting and reforestation. Remote sensing has also become crucial for national level monitoring and for development of comparative inventory methods between countries and continents. In the past, forest companies have used field visits and manual in-situ measurements to estimate forest variables such as basal area-weighted mean tree height and stem volume. Researchers and the global initiatives on the other hand, have been working with different remote sensing techniques for decades and today airborne laser scanning (ALS) is frequently used in commercial applications.
The tree height is often recognized as "Lorey's mean height", and the stem volume is approximately related to above ground biomass, AGB [tons ha
-1 ], through a scaling factor about 0.6 (Häme et al. 1992) . ALS enables full coverage measurement of the forest structure and it can be used for creating digital terrain models (DTMs) to describe ground elevation.
The estimations based on ALS data (especially the upper height percentiles, e.g., 95 and 99, denoted p95 and p99) are known to be efficient for estimation of tree height and related forest variables (Nilsson 1996; Reutebuch et al. 2003; Hyyppä et al. 2008; St-Onge et al. 2008) .
ALS metrics are also consistent throughout the measurements and have a higher precision than ordinary manual in-situ measurements, in which the tree height is commonly measured using a hypsometer. As a hypsometer is a hand held instrument even small movements can result in a variation of the measured tree height. ALS is therefore a reliable method to achieve complete site independent metrics (compared to sampled field plots that often use site dependent allometric equations to derive indirect variables such as AGB).
Stem volume and AGB (Eq. 1) are recognized as dependent on a combination of the vegetation height and the forest density (Treuhaft & Siqueira 2004) .
AGB ∝ vegetation height · forest density
(1)
In Hopkinson & Chasmer (2009) , it was shown how ALS data strongly correlate (r 2 =0.78) with canopy fractional cover. Furthermore, the vegetation ratio (VR) derived from ALS data has shown to be an efficient estimator of forest density and canopy cover and also for estimation of AGB (Hopkinson & Chasmer 2009; Nyström et al. 2012) . Many studies have
shown that one of the upper height percentiles (e.g., p95) in combination with the VR computed from ALS data can be used to estimate AGB and tree height with excellent accuracy (Naesset 2002; Naesset et al. 2004; Holmgren 2004; Naesset 2007) .
Despite the unsurpassed accuracy of ALS data, it is inconvenient and relatively expensive to acquire, and therefore, equally good satellite based techniques could be an alternative to facilitate more frequent acquisitions at lower costs. Optical satellite sensors suffer from problems with cloud cover, which makes frequent acquisitions rare. Synthetic aperture radar (SAR) acquires images with an active technique and with wavelengths that overcome the problems associated with cloud cover. It has long been neglected within operational forest estimation due to its lack of necessary performance in terms of image resolution and also problems associated with signal saturation effects when estimating AGB from backscatter intensity at shorter wavelengths (Dobson & Ulaby 1992; Toan & Beaudoin 1992; Rignot et al. 1994; Imhoff 1995; Fransson & Israelsson 1999 ).
However, backscatter based models are not the only way of using SAR data and the last decade has seen a rapid development of different SAR based techniques. Since the late nineties and early 21 st century, interferometric SAR has been investigated in different configurations. Interferometry uses phase differences between two acquisitions, and when 4 forests are considered, the coherence has been too low between two repeat-pass acquisitions to enable usage of the crucial phase information. A bi-static single-pass SAR configuration in space with high coherence was demonstrated with the Shuttle Radar Topography Mission (SRTM) orbiting the earth for 11 days in the year 2000, where space-borne C-and X-band data became available for over 80% of the globe. This proof-of-concept had one antenna mounted on the space shuttle, and a second antenna mounted on a 60 m long mast, extending from the shuttle. The derived InSAR products with approximately 30 m resolution in the Xband have been used to estimate forest height with a few meters root mean square error (RMSE; Simard et al. 2006; Solberg, Astrup, Bollandsa, et al. 2010) .
With the launch of the German TanDEM-X satellites in 2007 and 2010 a new era began with high resolution X-band InSAR images with single-and dual-polarizations overcoming earlier problems with temporal decorrelation and low resolution, and hence offering applications at entirely new scales (Krieger et al. 2007; Martone et al. 2013 ). The interferometric SAR height (ISH; sometimes called scattering phase center height), contains combined information about both tree height and forest density, although intuitively directly relating to tree height. Consequently, the relationship to AGB could be direct, as discussed in Mette et al. (2004) , Neeff et al. (2005) , and . This also agrees well with the findings of Treuhaft & Siqueira (2004) who suggested that AGB is proportional to the product of vegetation height and forest density. Nevertheless, the weighting of respective component is still explored, for example, by using power law equations; AGB ∝ height α Soja et al. 2015a; Torano Caicoya et al. 2015; Soja et al. 2015b ).
Several studies have tried to isolate and evaluate the TanDEM-X ISH relation to tree height, as tree height is independent of the forest density. However, the ISH varies with phenology and species, which complicates comparisons between studies. The ISH can vary as much as 30% depending on frozen or unfrozen conditions and the dependence on species can 5 be 28% (3.4 m) in decidous forest and 17% (2.2 m) in coniferous forest throughout the year (Caicoya et al. 2012; Demirpolat 2012; L. M. H. Ulander et al. 2013; Kugler et al. 2014 ).
Moreover, the penetration depends on leaf-on/off conditions ).
Few studies have investigated how TanDEM-X InSAR data (coherence and phase height) are influenced by forest density. Torano Caicoya et al. (2015) studied how classical allometric equations are affected by changing forest density and structure, using Legendre polynomials. Likewise, the interferometric coherence depends largely on volume (de-)correlation, which is influenced not only by the tree height but also forest structure. This has so far mainly been explored through inversion-based models, for example, the interferometric water cloud model, random volume over ground or the two-level model (Askne et al. 1997; Izzawati et al. 2006; Askne et al. 2013; Kugler et al. 2014; Torano Caicoya et al. 2015) .
However, Schlund et al. (2015) demonstrated how TanDEM-X coherence solely showed a moderate correlation with biomass (R 2 = 0.5) in a tropical peat swamp forest.
There are a limited number of TanDEM-X based studies that have evaluated its potential in boreal forests and more knowledge are needed. In short, TanDEM-X data have been used for AGB and stem volume estimations in studies with RMSEs about 12% to 33%
at stand-level, and 32% to 40% RMSE at plot-level, (Solberg, Astrup, Gobakken, et al. 2010; Askne et al. 2013; Karila et al. 2015) . Correspondingly, tree height has been estimated with about 1.5 to 2 m RMSE at stand-level and 3 to 5 m RMSE at plot-level Kugler et al. 2014; Karila et al. 2015; Soja et al. 2015b ).
The objectives of this study were to explore the potential of replacing ALS data with TanDEM-X InSAR data for operational use in the estimation of boreal forest variables. This included comparing estimation accuracies of AGB and tree height based on ALS data and TanDEM-X data, separately. Furthermore, the correspondence between TanDEM-X InSAR 6 data and the in forestry most important ALS metrics, height percentile 99 and vegetation ratio, was evaluated. Finally, the importance of forest density and its effect on AGB and tree height estimations was assessed through vegetation ratio and coherence metrics.
Material

1 Field data
Two Swedish test sites with different site conditions were used (Figure 1 ). The first site was the Krycklan river catchment area located in northern Sweden (Lat. 64°16'N, Long. 19°46'E).
The prevailing tree species were Scots pine (Pinus sylvestris; mainly in dry upslope areas),
Norway spruce (Picea abies; mainly in wetter, low-lying areas), and birch (Betula pendula and Betula pubescens, in the riparian forest along larger streams). The region is hilly with elevations between 125 m and 350 m above sea level. In 2008 an extensive study was carried out on the Krycklan test site, where the field data used in the present study were collected during August -October (Hajnsek et al. 2009 ). These consisted of 31 stands with sizes varying between 2.4 ha and 26.1 ha. In the stands, field plots were distributed with a systematic spacing of 50 m to 160 m, depending on the size of the stand. The spacing in each stand was determined with the aim of obtaining 10 plots in each stand. The resulting number of plots for all stands varied between 8 and 13, with an average of 10 plots per stand. In total, 311 field plots were allocated within the 31 stands investigated.
On the plots with 10 m radius, all trees with a diameter at breast height (DBH) ≥ 0.04 m were calipered and the species registered. On randomly selected sample trees (selected with the probability proportional to basal area) height and age were also measured using a hypsometer and a drill (Ducey 2009 ). On average, 1.5 sample trees were selected per plot. The AGB was computed using allometric equations and the heights were found using Söderberg's height functions (Söderberg 1986; Petersson 1999) .
By observing SPOT-5 images, two stands were identified as clear-cuts and therefore removed, resulting in 29 forested stands. For the plot-level modeling at Krycklan, a subset of 29 plots was selected by randomly choosing one plot from each inventoried stand (Figure 2 ).
The statistics for the AGB and tree height estimates based on field data are listed in Table 1 . and in the early spring of 2011 (Ulander et al. 2010) . All the plots were therefore completed after the 2010 vegetation season and before the 2011 vegetation season. In total, 32 field plots with 40 m radius were allocated over the estate at subjectively chosen locations (Figure 3 ).
The main criteria were to locate the plots inside homogenous stands, large enough to hold a circular plot with 40 m radius, and also to reflect a wider range of stem volumes and forest types. Out of all possible stands fulfilling these criteria, the stands located the closest to roads were chosen for logistical reasons. Because of the size of these field plots, they were considered as small stands, 0.5 ha each. All trees with a DBH ≥ 0.04 m were calipered and positioned using a real time kinematic global positioning system. About 10% of the trees were randomly selected and tree height measurements were undertaken using a hypsometer.
Some additional trees were selected manually for height measurement to get a more even distributed set of measured heights without gaps. Young forest stands (< 25 years) were not chosen for this inventory as every tree had to be calipered and in young forests this can easily be several thousand stems ha -1 . The AGB for the 40 m plots were estimated using the Heureka forestry decision support system (Wikström et al. 2011) . The exclusion of young stands increased the risk that the empirical modeling would become less generic and possibly biased, as the entire range of AGB and tree height was not represented. A plot-level set for Remningstorp consisting of 32 plots with 10 m radius was established by choosing only the inner trees (within 10 m radius) in the previously described 32 field plots.
The AGB for the 10 m plots were estimated using allometric equations and DBH as an input variable (Marklund 1988) . Correspondingly, the tree height was estimated for all calipered trees on each plot (10 m radius) by using Equation 2, where hi is the tree height and DBHi is the DBH of tree i before aggregating to plot-level in order to estimate tree height. α, β1, and β2 are the regression coefficients.
The RMSE and relative RMSE were used in order to describe the modeled error, and where the latter simplifies comparisons between models using different units. The relative RMSE was calculated using Equation 3, where � and were the estimated and reference variables (AGB or tree height) for stand i and n stands in total.
All data sources were transformed to match the Swedish reference frame 1999 Transverse
Mercator (SWEREF99TM) that is based on UTM-33N/WGS84 (covering most of Sweden) and then extended to the adjacent UTM zones (32 and 34) in the western and eastern parts.
2 ALS data
At the Krycklan test site, the ALS data were scanned October 13, 2010, and provided by the Swedish National Land Survey (Lantmäteriet) through the project "Ny Nationell
Höjdmodell" ("New National Elevation Model"). This project commenced in 2009 and is expected to be finished by 2016 (Bergström et al. 2009; Lundgren & Juni 2010) . The goal is to scan the whole of Sweden in order to generate an accurate DTM which, as only minor changes in the terrain are expected, should remain stable for the foreseeable future. The ALS data were collected with at least 0.5 returns m -2 at a laser wavelength of 1064 nm, and were used as above ground ALS reference data in Krycklan. These ALS data were also used to create DTMs as reference for both test sites and the height reference system was Rikets Höjdsystem 2000 (RH2000) (Svensson et al. 2006 ).
The ALS of the Remningstorp estate was performed on August 29 and September 9, 2010, with a laser wavelength of 1550 nm and at least 10 returns m -2 from 400 m altitude and at least 30 returns m -2 from 200 m altitude above ground level (Ulander et al. 2010 ).
3 TanDEM-X data
The dual-pol TanDEM-X data image pairs were both acquired in June 2011, in strip-map (SM) mode with a single-pass bi-static right-looking configuration from ascending orbits.
They were delivered as co-registered Single Look Complex (SLC) data in CoSSC format.
The VV polarization was chosen over the VH, as considerably more stable scattering phase center heights were attained in forest regions and with subsequent more accurate interferometric height models as result. The VV polarization is known to penetrate slightly less than the HH channel in boreal forests (Perko et al. 2011; Demirpolat 2012; Kugler et al. 2014 ). The ALS data were acquired for the two test sites slightly earlier than the radar data, but mainly within the same vegetation season. Moreover, the ALS estimates are rather consistent, in both leaf-on and leaf-off conditions and especially in coniferous forests (Wasser et al. 2013) . For Krycklan and Remningstorp, the TanDEM-X image pairs were acquired during the summer of 2011, with a mean scene center incidence angle of 41° (Table   2 ). Steep incidence angles decrease the height sensitivity and increases the penetration depth (Kugler et al. 2014) . The authors' experience agree with this fact and we think incidence angles in the range of 30° to 50° are most suitable for forest applications. The weather conditions at both test sites were dry at the time for the acquisitions with no precipitation the previous 24 hours ( Table 2 ).
The height of ambiguity (HOA) is related to the baseline and affects the height sensitivity of an interferometer. It describes the altitude difference that generates an interferometric phase change of 2π, which also means, that no phase unwrapping errors could appear when the objects measured are smaller than the HOA. Therefore, HOA gives a measure of the image pair's suitability for tree height estimations and is defined as (Eq. 4):
where kz is the vertical wave number, λ is the radar wavelength, R is the average distance to the satellites, is the average angle of incidence and B⊥ is the perpendicular baseline. The image data characteristics and test site conditions are summarized in Table 2 . Table 2 . TanDEM-X data characteristics and test site conditions during acquisition. The polarization used is marked in bold.
Methods
1 ALS processing
The raw ALS point clouds were processed using Lastools (Isenburg) . First, a ground classification was performed to be able to construct a ground triangulated irregular network.
Thereafter, the height for each individual ALS point was computed. Finally, rasters were created for the height percentiles 10 to 100 (denoted p10, p20 …, p100) in 10% steps for each pixel and also for p95, p99 and vegetation ratio (VR). The output rasters were given a 5 m pixel size. The percentiles were calculated using all returns above a height threshold of 1.37 m (software default and suitable for Swedish forest), which was used to avoid vegetation under the tree layer, which otherwise could influence the height distribution of returns. The VR was defined as the number of ALS returns from the vegetation above the height cutoff divided by the number of all ALS returns (Eq. 5, Morsdorf et al. 2006) .
with (Eq. 6)
where and denotes vegetation returns and all (ground and vegetation) returns, respectively.
2 InSAR processing
The radar images (SLC data) were, together with an ALS based DTM, processed to interferometric SAR height (ISH) images using the Gamma software (Gamma) . A digital surface model (DSM) was computed from the radar data and then the DTM was subtracted to attain the ISH, from which metrics were extracted to be used in the estimations of AGB and tree height. The DTM was attained as orthometric height and therefore, it was converted to ellipsoidal height using geoid heights obtained from Lantmäteriet.
The SLCs were already co-registered and, therefore, a geocoding look-up table (LUT) was computed for the coordinate transformation between the range-Doppler coordinates (RDCs) and orthonormal map coordinates. An initial transformation was calculated based on the orbital data and ancillary SAR image information. The ellipsoidal DTM was used as an orthonormal map reference and in this step a simulated SAR intensity image was generated 14 out of the DTM. The LUT was used to transform the simulated SAR intensity image into RDCs so that it could be used for refining the initial LUT. This was done by using crosscorrelation analysis between a multilooked (ML) TanDEM-X image and the simulated SAR intensity image in RDCs. The planar registration offsets (difference between the images)
were determined automatically and this procedure was iterated twice with a tighter threshold each iteration in order to achieve as good a transformation as possible. The multilooking used was 4 in range and 2 in azimuth, implying a rectangular ML pixel size of 5.6 m × 5.8 m in ground range and azimuth.
The two SAR images (expressing the ground reflectivity function of the scene) in an interferometric system can be processed to produce an interferogram, which is obtained from the Hermitian product of the two complex SAR images (Hagberg et al. 1995) . This is the product of the first image and the complex conjugate of the second image (Eq. 7):
where s1 and s2 are the master and slave images, expressed in terms of their amplitudes, and , and their phases, and . and are the respective distances from the antenna to the ground. In practice, the interferogram was estimated from a finite number of samples through coherent averaging (Bamler & Hartl 1998; Hanssen 2001) . We defined the measure of change between the two SLC images as the coherence �, which also is called the complex correlation coefficient (Eq. 8):
where E[] are the expectation values (Bamler & Hartl 1998; Ferretti et al. 2007; Lee & Pottier 2009 ). The images were stored in RDCs to facilitate coherent multilooking. Subsequently the coherence, defined as the magnitude of the cross-product of the two SLCs, was computed as
To create the ISH phase map as DSM-DTM, (i.e., the range related phase of the DSM minus the range related phase of the scatterers at zero height on its topography), the DTM phase was computed from the ellipsoidal DTM using the orbit state vectors for baseline calculation. The DTM was resampled into RDCs using the LUT. Finally, the DTM was subtracted from the complex interferogram.
The resulting phase map was unwrapped using the minimum cost flow algorithm (Costantini 1998; Wegmüller et al. 2002) . Because the terrain variations are smaller than the HOA (49 m and 52 m) in the image pairs used, no unwrapping was really necessary, but the MCF function made it convenient to shift the phases to get correct zero-height values for bare-ground regions.
For Krycklan, residual phase trends were still visible after unwrapping (possibly arising from an inadequate linear baseline model) and these were removed by fitting
Equation 9 to the open regions in the image, found automatically from a mask generated from the coherence values greater than 0.7:
where ∆ is an interception phase shift, 0 , 1 , and 2 are correction factors and RG and AZ are the range and azimuth coordinates, respectively.
Finally, the remaining unwrapped phases were converted into ISHs and transformed (geocoded) to map geometry with 5 m pixel size using the LUT previously derived.
Correspondingly the coherence maps were geocoded using the same LUT. Examples of the ISHs compared to ALS data and aerial photographs (ortho-photos) are illustrated in Figure 4 . 
3 Statistical modeling
For each test site, SAR metrics (mean ISH and mean coherence) and correspondingly the ALS metrics described in section 3.1 were extracted at stand-and plot-level. Linear regression was used for estimation of the AGB and tree height. A short, still accurate, empirical model was found based on ALS data using the metrics p99, p60 and VR. The metrics p99 and VR were clearly most important, intuitively straightforward, and relevant to other studies, and therefore it was decided to use these as ALS reference data. Hence, AGB, tree height, p99, and VR were modelled from the InSAR data. This included testing of both the previously named conceivable height and density metrics, but also their combinations and transformations. ISH was the only metric that become significant in its transformed form, ISH 2 , and no values of the exponent less than 1 or exceeding 2 indicated any improvement over the selected values. For comparison to InSAR data, the AGB and tree height modeled using ALS data were used. The explanatory variables included in the regression models were selected with regards to their significance and their contribution to lowering the RMSE. For each model, residual plots were inspected and the degree of variance explanation was computed as the adjusted coefficient of determination (R 2 adj). The AGB and tree height were modeled with the TanDEM-X and ALS data at both stand-level (considering the 0.5 ha field plots with 40 m radius in Remningstorp as "stands") and plot-level (10 m radius). The models were evaluated using leave-one-out cross-validation, resulting in RMSE and relative RMSE values. The leave-one-out method used a single sample from the original data set for validation of a model trained using all other samples in the original data set. This was repeated so that each observation in the data set was used once for validation.
An example of the full model for estimating AGB from TanDEM-X data at standlevel is illustrated by:
where 0..3 are the regression coefficients, ISH is the mean ISH, and COH is the mean coherence.
Linear regression models describing the AGB and tree height were developed first with TanDEM-X InSAR data as explanatory variables and then with ALS data for comparison. TanDEM-X data were also used to estimate the ALS parameters p99 and VR.
Models were created at stand-and plot-level and all models were developed so that the included parameters (except the intercept) were significant.
The significance was studied using the Student's t-test, which evaluates the hypothesis that the expectation value of the normally distributed parameter estimate ̂ is .
The t-statistic was computed as:
where � is the estimated standard deviation of ̂. The Student's t-test was used to test the hypothesis that = 0. For a known number of degrees of freedom, the probability p of obtaining a certain t-statistic can be computed from the t-distribution. The significance levels were defined as; *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05, • = p ≤ 0.10, and ns = nonsignificant.
Results
The evaluated models are listed in Table 3 with their corresponding parameters and significance levels. The results are presented in Sections 4.1-4.3 and in Tables 4-9 , where the presented model numbers correspond to the models listed in Table 3 . Regression model parameters used for estimation of AGB and tree height at the test sites Krycklan (KR) and Remningstorp (RE). The significance levels (symbolized below the parameter values) were defined as; *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05, • = p ≤ 0.10, and ns = non-significant.
1 Estimation of AGB and tree height at stand-level
The TanDEM-X InSAR based estimations of AGB were similarly accurate at standlevel as the ALS based estimations (Table 4 ). The models were linear at both test sites within their respective ranges (23 to 183 tons ha -1 in Krycklan and 55 to 284 tons ha -1 in Remningstorp) and from the scatter plots ( Figure 5 and 6) no tendency to saturation could be noted. In absolute terms, the error was higher at the Remningstorp test site when compared to Krycklan (22.2 tons ha -1 vs. 16.2 tons ha -1 ), but as the mean AGB in Remningstorp was also higher, the results relative each other in relative terms were reversed (17.2% RMSE in Krycklan and 14.6% in Remningstorp; Table 4 ). The higher absolute error in Remningstorp indicates that either the field data were less accurate or that the forest structure and tree heights play an important role for the X-band penetration and therewith the estimation potential. The lower and also sparser forest in Krycklan could possibly be better suited to the X-band data for estimation of AGB (Table 4) .
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The AGB was modeled simply as a function of the ISH 2 in Krycklan while the model for Remningstorp could describe the AGB with the lowest relative RMSE by using both the ISH and the coherence as explanatory variables. This modeling difference restricts the transferability to other test sites and depends most likely on the different forest structures at the two test sites. The dynamic range of coherence was smaller in Krycklan than
Remningstorp, which possibly made this not significant as explanatory variable.
Remningstorp has denser forest which is mainly spruce dominated. The coherence contribution for AGB estimation in Remningstorp was considerable, and added almost 22%
in the explanation of the variance in the data, R 2 adj.
The ISH was linearly correlated to the tree height and the coherence also became statistically significant for the explanation of tree height. The linear relationship held for the entire evaluated range of tree height at both test sites (8 to 21 m in Krycklan and 16 to 31 m in Remningstorp). The TanDEM-X InSAR data could explain 90% of the variance in Krycklan and 95% in Remningstorp ( Figure 5 and 6) . Furthermore, the tree height estimation error was 7.6% in Krycklan and 4.1% in Remningstorp (Table 5 ). This means that tree height estimation could be achieved slightly better with TanDEM-X InSAR data than with ALS data at stand-level in Remningstorp. Both the InSAR based and ALS based estimations had an RMSE about 1.0 m, which was close to the TanDEM-X specified local DEM accuracy of 0.8 m (Hajnsek et al. 2010) and only 1/3 of the relative 90% DEM height error (3.2 m) presented for agricultural areas in Rizzoli et al. (2012) . Table 5 . Estimation of tree height from TanDEM-X InSAR and ALS data at stand-level.
2 Estimation of ALS p99 and VR at stand-level
For estimation of ALS p99, the ISH together with the coherence were the most important explanatory variables (Table 3 ). The ISH was strongly correlated to ALS p99 at both test sites with Pearson correlation coefficients r = 0.98 and r = 0.95 for Krycklan and Remningstorp, respectively. The TanDEM-X InSAR data could explain 98% of the variance (R 2 adj = 0.98; Table 6 ) at both test sites. The RMSE was slightly lower when TanDEM-X InSAR data were used to estimate ALS p99 instead of tree height (Table 6 vs. Remningstorp 2011-06-04 0.98 0.6 2.7 32 10 Table 7 . Estimation of ALS VR from TanDEM-X InSAR data at stand-level.
3 Estimation of AGB and tree height at plot-level
For the smaller sample plots with 10 m radius, the RMSE generally increased both in relative and absolute terms in comparison to the stand-level results. The TanDEM-X based models of AGB at plot-level resulted in about 50% higher RMSE at Krycklan and about twice the RMSE at Remningstorp when compared to the stand-level models (Table 8 vs. The tree height estimations were influenced to a lesser extent by the smaller plot sizes compared with the stand-level results. In the case of InSAR, the RMSE was approximately the same for both test sites (2.3 m and 2.1 m, Table 9 ) and the data variance could be explained to 77%. This means that the error was about twice as large at plot-level compared to stand-level even in relative terms (16.0% to 7.6% and 9.0% to 4.1%, respectively) for both test sites. The tree height models using ALS data ( Table 9 ) showed results that are in line with those at stand-level (Table 5) in absolute terms (about 1 m RMSE) and in relative terms.
The error for Krycklan increased from 6.5% to 9.6% while for Remningstorp it was exactly the same as at the stand-level (4.4%). Table 9 . Estimation of tree height from TanDEM-X InSAR and ALS data at plot-level with 10 m radius.
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Discussion
The purpose of this study was to explore the potential of replacing ALS data with TanDEM-X InSAR data for operational forestry use. The high resolution of TanDEM-X imagery acquired at suitable baselines resulted in good results for the respective model estimations, and at stand-level the results indicate a similar potential for TanDEM-X as ALS as a data source. For the two test sites evaluated in this study, it was possible to accurately model the AGB with a function of the ISH and/or its squared version, ISH 2 , together with coherence. The AGB could be estimated at stand-level with somewhat lower RMSE of about 17% at Krycklan and 15% at Remningstorp when compared to other studies (Solberg, Astrup, Gobakken, et al. 2010; Askne et al. 2013; Solberg et al. 2013 ) that have reached about 17% to 20% RMSE in their correspondent best-cases using X-band InSAR data. In (2015a), they estimated the AGB with 12% to 19% RMSE using the same test sites (Remningstorp and Krycklan), however, the only image pair that led to higher estimation accuracy of AGB in Soja et al. (2015a) , has not been evaluated in the present study. Their focus was on the presentation of a new semi-empirical scattering model, originating in physical scattering theory. Semi-empirical models were also applied in Askne et al. (2013) , Kugler et al. (2014) , . It is therefore interesting to see that simple empirical regression models can perform well and deliver results within the same order of magnitude as more complex semi-empirical models.
Considering the estimation of tree height at stand-level, it is remarkable that at
Remningstorp it could be estimated with a lower RMSE using TanDEM-X InSAR data than with ALS data. The tree height estimation at Krycklan was also reasonable when compared with other studies, e.g., in Kugler et al. (2014) they found the RMSE to be about 1.6 m in Krycklan compared to 1.1 m in the present study. The results obtained with TanDEM-X InSAR data at Krycklan were also good when compared to ALS data (about one percentage higher RMSE).
The difference in results between the test sites are relatively small and in absolute terms they are about equal, but in relative terms the InSAR models of tree height resulted in almost double RMSEs at Krycklan compared to Remningstorp. This can be explained by the significantly higher average of tree height (based on field data) in Remningstorp which gave a considerably higher denominator when the relative RMSE was computed (absolute error/average tree height). The results in Krycklan were good, but could possibly be even better if some of the potential sources of error could be minimized. In Krycklan the field measurements were approximately 2 to 3 vegetation seasons older than the TanDEM-X InSAR and ALS data. The ALS point density was also lower for Krycklan compared to Remningstorp (0.5 to 1 m -2 vs. > 10 m -2 ), which possibly caused the minor differences in accuracy (Nyström et al. 2012 ). The differences in the results between Remningstorp and Krycklan may be due to the fact that Remningstorp has well managed forest conditions with rather homogenous forests, while Krycklan is a river catchment area with both nature reserves and many different forest owners with varying management philosophies and interests. However, the stands at Remningtorp were small (0.5 ha) compared to Krycklan (2.8 to 26.1 ha) and completely calipered while the stands in Krycklan were sampled (about 10 plots per stand), which inherently implies sampling errors. Therefore, it seems that the quality of the in-situ data played a vital role in the estimations. The importance of high-quality in-situ data has increased as the spatial resolution of the SAR techniques have advanced greatly in the last few decades.
To avoid sampling errors and possible manual measurement errors from field inventories, the p99 and VR were also estimated in order to use a slightly more comparable reference data set. The metric p99 is known to represent the tree height well and the VR is a good candidate for being the most important vegetation density metric from ALS data (Nilsson 1996; Popescu et al. 2002; Reutebuch et al. 2003; Hopkinson & Chasmer 2009 TanDEM-X InSAR data and field data, but also between TanDEM-X InSAR data and other remotely sensed data like ALS. However, the latter cannot be treated as reference for tree height without correct calibration, and in case of a possible replacement of ALS data with TanDEM-X InSAR data, the InSAR data could possibly contain errors correlated to ALS data as they were acquired with similar techniques (in the sense of remotely reflected electromagnetic waves from above). The models of VR were estimated with higher RMSEs than the models of p99. The RMSE varied between the test sites, being 13.7% in Krycklan and 6.2% in Remningstorp (Table 7) . The model variance R 2 adj could be explained with 63%
and 71% at Krycklan and Remningstorp, respectively. This is likely a direct consequence of the lower point density in Krycklan, resulting in less accurate ALS reference data.
The other way of avoiding sampling errors and evaluating the image resolution was by developing and evaluating models at plot-level (10 m radius), where every individual tree has been measured. In the InSAR case, at plot-level, the AGB could be estimated with approximately 50% to 100% higher relative RMSE ( (Table 8) , compared to the stand-level results (Table 4 ).
The poorer performance could also depend on in-accurate positioning of the field plots, which would affect both InSAR and ALS models more at plot-level than at stand-level.
Moreover, the lower positioning accuracy attained from InSAR data compared with ALS data might further contribute to the increased RMSEs for InSAR based models at plot-level. The tree height at plot-level were estimated with 16.0% and 9.0% RMSE (Table 9 ) at the respective test sites and similarly to the AGB results (Table 8) , the plot-level RMSEs for tree height were approximately twice as large as those observed at the stand-level. Here the ALS based models showed only minor differences compared to those at stand-level and, overall, this seems to be the reasonable lower limit (~314 m 2 ) for TanDEM-X data based estimation units. However, the plot-level results can still be judged to be within the range of reasonable performance.
High-resolution ALS based DTMs are available in many regions world-wide which is required for the evaluated method, but the empirical approach restricts its automation transferability as local calibration (using field plots) is needed. Further research could show the potential of generating a "calibration database" for different types of forest, to limit the need of local field plots. This is a challenging task, as the temporal influences on the ISH throughout the year and factors like humidity and influence of tree species then need to be quantified.
To conclude; in this study the focus has been to investigate the potential of replacing ALS data with space-borne SAR data in order to frequently map large forest areas. The bistatic space-borne interferometer TanDEM-X has shown to deliver imagery with such quality that ALS based models of AGB and tree height could potentially be replaced with TanDEM-X based models. The AGB and tree height could be estimated with about the same accuracy at stand-level both from TanDEM-X and ALS data (13.7%-17.2% RMSE), at the two Swedish test sites Krycklan and Remningstorp. Estimations of tree height could even be attained with lower RMSE from TanDEM-X data (4.1%) than with ALS data (4.4%) at
Remningstorp. The correlation between TanDEM-X based ISH and the ALS based p99 was r=0.98 and r=0.95 at the two test sites. The ISH contains information related both to tree height and forest density and this was demonstrated in a numerous ways; it was the most significant explanatory variable in the models estimating the height related variables tree height and p99. Its transformed version ISH 2 was furthermore the most significant explanatory variable in the models estimating the forest density related ALS metric VR. ISH was also vital in all AGB estimations, which also depend on both tree height and forest density. The hypothesis of potentially replacing ALS data with satellite SAR data has proven to be successful with equivalent results from both techniques and no tendencies of reaching saturation at either stand-or plot-level in boreal forests. Both these remote sensing techniques require field data for calibration and, therefore, field data would be a prerequisite regardless of the method selected. Under the conditions in this study, TanDEM-X based InSAR estimation models appear to have a potential of becoming operational in frequent large area boreal forest mapping. 
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Figure captions
• Figure 11 . The two test sites Krycklan and Remningstorp, located in northern (64°N 19°E) and southern (58°N 13°E) Sweden, respectively.
• Figure 12 . A TanDEM-X InSAR derived CHM with 29 forest stands and 29 field plots with 10 m radius delineated at Krycklan. The scale of the field plots is not correct.
• Figure 13 . A TanDEM-X InSAR derived CHM with 32 forest stands consisting of 32 field plots with 40 m radius delineated at Remningstorp. The scale of the field plots is not correct.
• Figure 14 . A selective clip from Krycklan (a, c, e) and Remningstorp (b, d, f) . From top to bottom, the comparison between an ortho-photo (a, b), ALS p99 (c, d) and
TanDEM-X derived ISH (e, f) are illustrated.
• Figure 15 . Scatter plots of AGB (left) and tree height (right) estimations at stand-level in Krycklan from TanDEM-X InSAR data.
• Figure 16 . Scatter plots of AGB (left) and tree height (right) estimations at stand-level in Remningstorp from TanDEM-X InSAR data.
• Figure 17 . Scatter plots of ALS p99 (left) and ALS VR (right) estimations at standlevel in Krycklan from TanDEM-X InSAR data.
• Figure 18 . Scatter plots of ALS p99 (left) and ALS VR (right) estimations at standlevel in Remningstorp from TanDEM-X InSAR data.
• Figure 19 . Scatter plots of AGB (left) and tree height (right) estimations of 29 field plots with 10 m radius in Krycklan using TanDEM-X InSAR data.
• Figure 20 . Scatter plots of AGB (left) and tree height (right) estimations of 32 field plots with 10 m radius in Remningstorp using TanDEM-X InSAR data.
